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Abstract KTP crystals doped with rare-earth (La, Pr) are grown from the tungsUte flux The crystals are characterized using X-ray diflraction 
aiul I HR and Raman spectroscopic techniques The vibrational bands are assigned in terms of the vibrations of TiOa octahedra and PO4 tetrahedra 
on lilt- basis of the polarisation of the bands. The TiO^ octahedra and PO4 tetrahedra arc considerably distorted in undoped KTP as well as in doped 
kl P crystals The dopants La and Pr do not affect significantly the wavenumber values of tlie TiO* and PO4 vibrations Raman bands of KTP, 
I KIP and PKl P in the same polanzation geometries show intensity variations. Tlie presence of La and Pr atoms affect the polarizability in the 
uvsKil leading lo changes in intensities The slight variations in the unit cell parameters of crystals indicate that tlie dopant incorporation is 
inhomogeneous
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in tro d u c lio n
Massium titanyl p h o sp h a te  K T i0 P 0 4  (K T P )  is a  p ro m is in g  
t^cnal in the field o f  p h o to n ic s , with. sx M H e n t n o n -lin e a r  
properties [1]. KTP e x h ib its  high io n ic  c o n d u c tiv ity  
ong the c ry s ta rio g rap h ic  2 -a x is  a n d  th is  is a ttr ib u te d  to  th e  
‘ 'vemerit o f  K ' io n s a lo n g  th e  s tru c tu ra l c h a n n e ls  p a ra lle l
[ 1 ,2 ]. T h e  la s e r  d a m a g e  s u s c e p tib i l i ty  o f  K T P  h as  
shown to in c re a se  w ith  in c re a s in g  io n ic  c o n d u c tiv ity  
niie crystal [Ij. T h e  e f f e c t o f  d o p a n ts  o n  th e  v a rio u s  
r^openies of KIP h a s  b e e n  o f  c o n s id e ra b le  in terest^  fo r  
^tlinological a p p lic a tio n s . T h e  b u lk  d a m a g e  th re sh o ld  o f  
can be fu r th e r  e n h a n c e d  b y  r e d u c in g  th e  io n ic  
^duciivit)' p a ra lle l to  th e  z -a x is . T h is  c a n  b e  a c h ie v e d  by  
KTP w ith  io n s  o f  lo w e r v a le n c e , fo r  e x a m p le , 
M eni cations like A l^", a n d  Sc^" [3 ,4 ] . T h e
P^ileni rare-earth  io n s  c a n  a ls o  b e  u se d  a s  d o p a n ts  fo r  
the n o n -lin e a r  o p tic a l (N L O ) p ro p e r tie s  o f  th e  
| 5 ] R am an  sp e c tra  o f  K T P  h a v e  b e e n  in v es tig a ted
b y  sev e ra l au th o rs  to  u n d e rs ta n d  its s tru c tu re  a n d  d y n am ics  
an d  lo  p ro b e  its n o n lin e a r  o p tic a l p ro p e r tie s  [6 - 1 0 ]. In th is  
p a p e r , th e  e ffec ts  o f  L an th an u m  an d  P ra se o d y m iu m  d o p a n ts  
o n  th e  v ib ra tio n a l sp e c tra  o f  tu n g s ta te  flu x  g ro w n  K T P  s in g le  
c ry s ta ls  a re  in v e s tig a te d  an d  an  a tte m p t is m a d e  to  c le a r  
c e rta in  a m b ig u itie s  re g a rd in g  th e  a ss ig n m e n ts  o f  v ib ra tio n a l 
m o d e s  o f  K T P  c ry s ta l.
2. Experimental
S in g le  c ry s ta ls  fo r  th e  p re se n t in v e s tig a tio n  w ere  g ro w n  from  
th e  tu n g s ta te  flux  [11 ]. T o  d o p e  w ith  L a  a n d  P r, 1 w t%  
la n th a n id e  o x id e s  w e re  a d d e d  to  th e  m ix tu re  se p a ra te ly  to  
g ro w  L a n th a n u m  a n d  P ra s e o d y m iu m  d o p e d  c ry s ta ls .  
L a n th an u m  an d  P ra se o d y m iu m  in c o rp o ra te d  in th e  c ry s ta l 
w e re  e s tim a te d  by  d is so lv in g  a  p o rtio n  o f  th e  c ry s ta l in  a  
1 : 1 m ix tu re  o f  H 2S O 4 an d  H F  a n d  u s in g  an  A R L  3 4 1 0 IC P  
A to m ic  E m is s io n  S p e c tro m e te r , A  S p e x  1401 d o u b le  
m o n o c h ro m a to r  e q u ip p e d  w ith  a  S p e c tra  P h y s ic s  m o d e l 165 
a rg o n  ion  la se r w as u sed  to  re c o rd  th e  R am an  sp e c tra  in th e
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S to k es  re g io n  at a re so lu tio n  b e tte r  th an  3 cm  '. T h e  sp e c tra  
w e re  re c o rd e d  in the  a{hb)c\ a{ha)c, a{ch)c, a(ca)c, a{cc)h 
an d  h{aci)c o rie n ta tio n s . T h e  F T IR  sp e c tra  w ere  o b ta in e d  
from  a B ru k e r  IFS  6 6 v sp e c tro m e te r  u s in g  K B r p e lle t 
m e th o d  in th e  4 0 0  to  1400 cm  ' reg io n  an d  u s in g  p o ly e th y le n e  
p e lle t m e th o d  in  th e  50  to  4 0 0  cm  ' re g io n . T h e  X -ray  
d iffra c tio n  p a tte rn s  o f  the c ry s ta ls  w e re  o b ta in e d  from  a 
X -ray  d if f ra c to m e te r  (M o d e l-X D S  2 0 0 0  S c in ta g )  u s in g  
C u K a  ra d ia tio n .
3. F a c to r  g r o u p  a n a ly s is
K T P  b e lo n g s  to  th e  n o n -c e n tro sy m m e tr ic  sp a c e  g ro u p  Pna2\ 
(G v )  w ith  e ig h t m o le c u le s  in th e  u n it ce ll [12 ]. T h e  fa c to r 
g ro u p  a n a ly s is  [7 ,8 ] g iv es  189 m o d e s  e x c lu d in g  a c o u s tic  
m o d es  an d  th e  ir re d u c ib le  re p re se n ta tio n  is
r ,8 9  -  4 7 A , (R ,IR ) 4 8 A 2 (R ) 4 7 B , (R ,IR ) + 4 7 B 2 (R ,IR )
4. R e s u lts  a n d  d is c u s s io n
T h e  m o rp h o lo g y  o f  the  as g ro w n  c ry s ta ls  is in a g re e m e n t 
w ith  th a t re p o r te d  by  B o lt [5]. T h e  IC P A E S  d a ta  sh o w  th a t 
0 .0 1 8 9  w t%  o f  L a  an d  0 .3 9 8  w t%  o f  Pr a rc  in c o rp o ra te d  
in th e  c ry s ta l a n d  is c o m p a ra tiv e ly  less th an  th e  d o p a n ts  
( 1  w t% ) a d d e d  to  the  flux . T h e  p o w d e r  X -ray  d if fra c tio n  
p a tte rn s  o f  K T P , L K T P  an d  P K T P  c o rre sp o n d  to  an  
o rth o rh o m b ic  sy s tem . T h e  u n it c e ll p a ra m e te rs  o f  th e  d o p e d  
c ry s ta ls  a lo n g  w ith  u n d o p e d  K T P  a re  sh o w n  in T a b le  I . T h e  
u n it ce ll p a ra m e te rs  o f  d o p e d  c ry s ta ls  a re  o n ly  m arg in a lly
Tflbir I. Unit cell parameters in A units
Unit cell pararnclcrs KTP I k IP PKTP
a 12 8101 12 8411 12 8203
h 64135 64214 6 3768
c 10 5921 ICL6228 109138
a lte re d  from  th o se  o f  u n d o p e d  K T P  c ry s ta l. T h ese  ch a n g e s  
in d ic a te  th a t th e  K T P  s tru c tu re  a c c o m m o d a te s  a large n u m b e r 
o f  p en iav a icn t an d  tr iv a len t ca tio n s  tha t a re  s tab le  in o c tah ed ra l 
o x y g en  c o o rd in a tio n  at the  Ti*'^ s ite  [13 ]. T h e re fo re , so lid  
so lu tio n s  e x is t a m o n g  th e  v a rio u s  m e m b e rs  o f  th is  fam ily  
w ith  s lig h t c h a n g e s  in the  la ttice  p a ra m e te rs
4 J. Vibrational analysis
T h e  la ttic e  o f  th e  c ry s ta l is m ad e  up  o f  th ree  d im e n s io n a l 
c h a in s  o f  w e a k ly  d is to rte d  l  iO^ o c ta h e d ra  lin k ed  at tw o  
co rn e rs . T h e  c h a in s  a re  s e p a ra te d  by  P O 4 te tra h e d ra . 
T h e re  a re  tw o  c h a in s  p e r  u n it c e ll an d  th e  ch a in  d ire c tio n  
a lte rn a te s  b e tw e e n  (0 1 1 )  an d  (0  1 1). T h e  s tru c tu ra l v o id s  a re  
f illed  w ith  K^ ions. T h e  Ti'*^ ions a re  d isp la c e d  fro m  the  
ce n tre  o f  th e  o c ta h e d ra  le ad in g  to  d if fe re n t T i - 0  b o n d s  o f  
len g th s , fo u r T i - O  b o n d s  o f  len g th s  1 .9 5 -2 .0 7  A , o n e  
o f  lo n g e r len g th  2 . 1 0  to  2 .1 5  A an d  o n e  o f  sh o r te r  len g th  
1.72 A [ 1 2 ].
4. / .  / .  Vibrations o f TiO(^  octahedra :
T h e  T i0 6  o c ta h e d ra  w ith  sy m m e try  h a s  s ix  fundam ental 
v ib ra tio n s , sy m m e tric  s tre tc h in g  m o d e  vi asym metric 
s tre tc h in g  m o d es  v j a n d  V3 (F i„ ) , a sy m m e tr ic  bending 
m o d e  V4 (F i„ ) , sy m m e tr ic  b e n d in g  m o d e  vs (F2g) and the 
R am an  an d  IR  in a c tiv e  m o d e  V6 ( ^ 2«) [1 4 - 1 6 J .  T h e  v j, and 
V5 m o d e s  a re  R am an  a c tiv e  an d  v j a n d  V4 a re  IR  active, in 
th e  T i0 2  c ry s ta l, th e  T iO e o c ta h e d ra l v ib ra tio n a l m odes are 
a s s ig n e d  as V| =  6 3 9 , V2 == 5 1 9 , V3 =  5 1 3 , V4 =  3 9 9 , y , = 197  
an d  Vft  ^ 144 cm  ' [6 ]. T h e  sy m m e tr ic  s tre tc h in g  m ode ot 
T i0 6  o c ta h e d ra  is o b se rv e d  a b o v e  9 0 0  c m  ' in  N aLnTio^ 
T h is  is in te rp re te d  as  d u e  to  th e  s tro n g  n a tu re  o f  the  Ti-O 
b o n d  [1 7 ]. K T P  h as  I ' i - O - T i - O  c h a in s  a s  a  re s u lt  o f  which 
s tro n g  b a n d s  can  be e x p e c te d  a ro u n d  7 0 0  c m  ' as  observed 
in N a (T iO )P 0 4  an d  (T iO ) 2 P 2 0 7  [1 8 ]. A lso , in rare-earth 
t i ta n a te s  p ro m in e n t R am an  b a n d s  a re  b e lo w  7 2 0  cm  ‘ [ 19] 
T h e  in te rn a l m o d e s  o f  TiOft o c ta h e d ra  o f  K T P  have been 
a s s ig n e d  d iffe re n tly  by  v a rio u s  a u th o rs  [6 - 8 , 1 0 ]. K ugel et nl 
[7] an d  W a tso n  [8 ] h a v e  a s s ig n e d  th e  sy m m e tr ic  sitretching 
m o d e  (v j)  a ro u n d  7 0 0  cm  ' w h ile  V iv e k a n a n d a n  h  al |6J 
h av e  a ss ig n e d  it a ro u n d  6 2 5  an d  Tu et al at 7 7 0  cn i ' []{)| 
A s th is  m o d e  is a p o la r iz e d  o n e , in th e  p re s e n t investigation, 
th e  b a n d  a ro u n d  7 0 0  cm  ' is a s s ig n e d  as  th e  vi m o d e  o f I lO, 
o c ta h e d ra . T h is  b an d  a p p e a rs  w ith  d if fe re n t in ten sitie s  iricil! 
p o la r iz a tio n  g e o m e tr ie s , th e  la rg e s t in te n s ity  b e in g  in h(Lhi\, 
o rie n ta tio n . In th e  IR  sp e c tra , th is  m o d e  is o b se rv e d  around 
7 0 6  cm  ' as a m o d e ra te ly  in ten se  b a n d  (F ig u re s  4(a c)i
In R am an  sp e c tra , tw o  m o re  b a n d s , a sh o u ld e r  around 
7 3 0  an d  a w 'eak b an d  a ro u n d  7 9 0  cm  *, a re  o b ta in e d  in this 
reg io n . V iv e k a n a n d a n  et al [6 ] an d  W a tso n  [8 ] h av e  assigiid 
th e  7 3 0  cm  ' b an d  to  th e  vs m o d e  o f  T iO o. B ut in MO, 
o c ta h e d ra  V2 m o d e  is o b se rv e d  at a lo w er w av en u m b er than 
tha t o f  V| [1 4 ,2 0 ,2 1 ] . T h e re fo re , th e  7 3 0  cm  ' m o d e  can be 
d u e  to  th e  sh o rt T i C) b o n d  o f  len g th  I 72  A T h e  V| mode 
p o s itio n s  a re  n o t m u ch  a ffe c te d  by  th e  incorporation  ot 
d o p a n ts  L a an d  P r (T a b le s  2 4 ) .  B u t in te n s itie s  o f  this mode 
in m o s t o f  th e  p o la r iz a tio n  o r ie n ta t io n s  a re  significant!) 
a ffe c te d  in L K l 'P  an d  P K T P  (F ig u re s  1 -3 ) .
A v ery  weak b an d  n e a r  830 cm  ' in R am an  spectra is 
a ss ig n e d  as R am an  in a c tiv e  V3 m o d e  o f  T i0 6  by  W atson [8) 
an d  V iv e k a n a n d a n  et al [6 ] . “B u t in M 0 6  octahedra. 
m o d e  is a ss ig n e d  b e lo w  V| v ib ra tio n s  [1 4 ] . In system s like 
S b O P 0 4  an d  B a 2M o (P 0 4 )2 , b a n d s  a ro u n d  8 7 2  cm " ' [21] and 
750  cm  ' [14 ] a re  as& igned to  M - O - P  o r  M - O - M  vibrations 
(M  S b  o r  M o). T h e  b a n d  o b ta in e d  in th e  p re se n t study is 
th e re fo re  a ss ig n e d  to  T i ( l ) - 0 - T i ( 2 )  o r  T i - 0 ~ P  vibrations 
T h e  v e ry  w eak  R am an  b a n d  a ro u n d  6 0 0  c m  ' is assigned to 
the  V3 m o d e  o f  T iO a a s  in L a 2 M g T i0 6  [2 2 ].
T h e  a sy m m e tr ic  s tre tc h in g  m o d e  V2 o f  T iO a is 
e x p e c te d  a t a  lo w er w a v e n u m b e r  th a n  th a t o f  th e  vi
[1 4 ]. T h e re fo re , th e  m o d e ra te ly  in te n se  R a m a n  band near
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6 3 0  cm  * in a ll p o la riza tio n  o rien ta tio n s and  the m oderate ly  
intense band  n ea r 6 3 9  cm  * (IR ) are  ass igned  to  the  V2 m ode 
in agreem ent w ith  th a t o f  K ugel et al [7 ]. A s  K T P  has corner- 
shared T i0 6  o c tah e d ra , th is band  is o b se rv ed  at sligh tly  low er 
w avenum bers th an  th e  6 4 7  cm"^* band ass ig n ed  to  th is m ode 
in l 'iN b 2 0 7  h av in g  ed g e -sh a red  o c tah ed ra  [23].
T he IR active ^4  m ode is ass ig n ed  to  the in tense  IR  band  
around  320 cm “*. T his m ode is ob serv ed  as m o d era te ly  
in tense bands in all po larization  geom etries o f  the  R am an 
spectra. T he R am an active V3 m ode g ives in tense bands 
around 270  cm  * in all po lariza tions o f  the R am an sp ec tra  
in K TP, PK TP and L K TP. A w eak band a round  290  cm  *
a(bb)c
1
a{ba)c
2
a(ch)c
3
a{ca)c
4
a{cc)h
5
h{aa)c
6
FTIR
7
Assignments
8
59 vvw Lattice modes
70 vvw 72 vvw
100 w 91 vvw 97 vw 99 w 87 w K-O
104 wbr 100 vw
12 0 w 125 w 126 vw 121 w 115 w K-0
155 vvw 159 vw 159 w 132 w
178 w 174 m 176 m 181 w 156 w Tilr
168 w
208 sh 208 sh v g  TiOg
218 s 218 msbr 218 s 216 s 218 m 218 ms 2 1 2  w
220 w
274 vs 272 s 273 vs 275 vs 275 ms 275 s 268 w V5 TiOg
279 w
292 vvw 292 sh 289 w
320 mbr 324 ms 321 mbr 323 s 321 mbr 325 mbr 320 s V4 TiOg
347 w 341 vvw
376 m 378 m 378 m 380 m 375 m 375 m 385 vs vj po;-
405 w 405 w 404 w 407 w 409 w
429 vw 426 vw 43 1 vw 429 vw 432 m
465 vw 467 m
478 w 475 vw 489 m
502 m
525 w 525 w 520 w 521 vvw 521 w 521 w V, po/-
555 w 560 w 555 wbr 559 w 555 vw 559 vw 557 ms
600 w 600 vw 600 vw 597 ms V3 TiOb
635 m 631 m 635 mbr 640 mbr 638 m 639 mbr 640 m V2 TIOg
701 vsbr 702 vsbr 701 sbr 702 vsbr 702 msbr 700 vs 706 s vi TiOg
750 sh 739 sh 735 sh 732 sh 733 sh 731 sh
790 vvw 796 w 791 vvw 795 vvw 784 w
832 vvw 819 w Ti-O-P
990 wbr 980 wbr 945 wbr 975. w 997 w 975 s
V , PO^-
1000 wbr
1046 w 1040 vw 1049 w 1025 s
vjPOi’-
1048 s
1 1 0 0  s
1125 w
VVW — -----------  ---- III — IIIVUIUIII, w i l l  W CON
VS - very strong, s - strong, vvs - very very strong; ms - moderately strong,
vsbr - very strong and broad
O liu  U lU d U , M l
msbr -  moderately
snuuiocr. sor - strong ano Droad;
strong and broad; tr - translational.
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Raman
FTIR
7
Assignments
8
a{bh)c
1
a{ba)c
2
a{cb)c
3
a{ca)c
4
aicc)b
5
b{aa)c
6
58 vw 58 vw 62 w Lattice modes
78 vvw 71 vvw 88 m
95 vw 92 vvw K-O
1 0 0  w 105 vw 103 vw 103 vvw 104 vw 10 1  vvw
1 2 0  w 1 2 2  vw 1 2 0  vvw 1 2 0  w 1 2 1  vw 119 vw 117 m K-O
140 w 140 vvw 131 w
158 w 155 vvw 154 vvw 155 w 156 w 155 w 157 w
176 w 174 vw 176 w 178 w 176 w 172 w 169 m Ti tr
208 sh 205 sh 205 sh 205 sh 205 sh 206 sh 2 1 1  m Vf, TlOr,
215 sh 215 m 216 m 215 ms 215 ms 214 m
225 sh 2 2 2  sh 226 sh 2 2 0  m
231 w
27l*s 270 s 270 ms 271 s 272 s 270 ms 269 m V, TiO<,
279 s
290 m
2 0 2  w 290 w 291 w 290 vw 292 w 291 m
311 ms
320 s 319 w 318 wbr 318 rn 318 m 328 mbr 321 s V4 TiO*
343 w 345 w 344 w 345 vw 342 w 345 w
378 m 386 vs
376 ms 373 w 371 m 372 w 372 m
404 w 401 w 402 vw 401 w 401 w 402 w
431 w 430 w 431 w 430 vvw 421 vw 432 m V2 p o ;
462 vvw 462 vvw 475 vvw' 467 s
489 m
525 vvw 520 vw 520 w 519 vw 520 w 520 w 502 m V4 p o ;
555 w 549 vw 565 vvw 550 vw 548 VVW' 557 m
601 w 598 vvw 589 vw 599 vvw 599 vvw 600 vw 597 ms V3 T lOf,
633 ms 633 w 632 w 631 in 632 m 636 w 640 s V2 TiOt
650 sh
695 vs 696 msbr 698 ms 695 m 701 s 700 vs 707 vs vi TiOe
732 sh 732 sh 730 sh
790 wbr 795 w 790 w 795 w 784 m
834 vvw 831 vw 819 w Ti-O -P
980 w 979 w 940 w 965 w 982 wbr 974 vvw 975 s V, POi-
996 vw 1006 wbr
1049 w 1045 w 1045 w 1045 vw 1026 s V3 P O ^
1095 vw 1048 s
1 1 0 0  s
1 1 2 2  m
vvw - very very weak, vw - very weak, w - weak, m - medium; wbr - weak and broad, sh •
vs - very strong; s - strong; ws - very very strong; ms - moderately strong; msbr - moderately
vsbr - very strong and broad.
- shoulder; sbr - strong and broad;
strong and broad, tr - translational;
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Raman
a{bb)c a{ba)c a{cb)c a(ca)c
1 2  3 4
a(cc)b
5
b(aa)c
6
FTIR
7
Assignments
8
57 w w
79 vw
56 vw 
68 w 
87 ms 
116 m
1048 w 
1099 w 
1125 s
I.all ice modes
94 w 94 wbr K-O
10 1  vvw 104 vw 105 vw
125 w 1 2 1  vw 1 2 0  w 131 w
158 m 158 vvw 158 w 156 w 158 vw 156 w
178 w 172 vvw 174 w 175 w 176 vw 168 m Tilr
218 wbr 218 mbr 218 ms 218 ms 219 m 218 s 2 1 1  m V6 T|06
2 2 0  m
230 w
248 vw
269 m 271 ms 275 s 273 s 271 m 274 vvs 268 m V5 Ti0 6
279 m
289 m
295 vw 295 w
321 wbr 320 m 325 mbr 325 w 321 mbr 315 w 320 ms V4 TlO<i
345 m 345 w 325 sh
378 m 376 m 375 w 375 m 378 s 386 ms
406 w 404 w 405 w 406 w 402 w 409 ms V,P04’
430 w 434 w 431 m viPO j-
496 vvw 475 wbr 467 m
488 m
502 m
521 vvw 522 vvw 521 w 524 w V4 PO ^
552 w 556 ms
600 w 599 vvw 595 vw 606 w 596 m V3 TlOe
636 m 635 w 638 mbr 635 w 636 mbr 636 m 639 m V2 Ti0 6
702 vvs 699 wbr 701 ms 700 sbr 699 sbr 701 vvs 706 vs vj TiOfi
750 sh 739 sh 731 sh 745 sh
794 w 790 vvw 795 w 792 vw 794 w 784 m
831 w 830 vvw 835 vvw 835 w 819 m
Ti-O-P
990 vvw 078 vvw 975 s V,P04*-
990 w 981 w 1005 wbr
996 wbr
1050 w 1025 m v,P O /-
vvw - very very weak; vw - very weak; w - weak; m - medium, wbr - weak and broad; sh
vs - very strong; s - strong; ws - very very strong; ms - moderately strong; msbr - moderately
vsbr - very strong and broad.
shoulder; sbr - strong and broad;
strong and broad; tr - translational.
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is a lso  o b se rv e d  in a  few  p o la r iz a tio n  g eo m e trie s  (T a b le s
2 - 4 ) .  T h e  in a c tiv e  V6 m o d e  is o b se rv e d  a s  an  in ten se  b an d  
a ro u n d  2 1 6  cm  * in th e  R am an  sp ec tra . In  th e  IR  sp ec tra , 
th e se  b a n d s  a re  o b se rv e d  as w eak  b an d s . A  sh o u ld e r  a lso
Figure 1. Raman spectra of KTP crystal in the region 50-1200 cm * tor 
a(Jbb)c, a{ba)c. a(cb)c. a(ca)c, a{cc)b and b{aa)c orientations.
Figure 2. Raman spectra of LKTP crystal in the region 50-1200 cm ' for 
a{bb)c, a(ba)c^ ji(cb)c, a{ca)c, a{cc)b and b{aa)c orientations.
Figure 3. Raman spectra ofPKTP crystal in the region 50-1200 cm~ for 
a{bb)c. a(ba)c, a{cb)c, a(ca)c, a(cc)b and b(aa)c orientations
a p p e a rs  in th e  R a m a n  sp e c tra  in  a(ca)c, b(aa)c a n d  a(cb)c 
o rie n ta tio n s  o f  K T P . In  L K T P , s h o u ld e rs  a rc  o b se rv ed  
a ro u n d  2 0 5  an d  2 2 6  cm~* o n  b o th  s id e s  o f  th is  in te n se  band 
in  m o s t o f  th e  o r ie n ta tio n s  w h ile  in  P K T P  a  s in g le  b ro a d  band 
is o b ta in e d . T h e se  a s s ig n m e n ts  a re  in  a g re e m e n t w ith  those 
o f  K u g e l et al [1] w h ile  th e y  d is a g re e  w ith  th o s e  g iv en  by 
V iv e k a n a n d a n  ei al [6 ].
A c c o rd in g  to  H a rd c a s tle  a n d  W a c h s  [2 4 ] , th e  lo w er the 
s tre tc h in g  fre q u e n c y  o f  th e  sh o r te s t  m e ta l-o x y g e n  b o n d , the 
m o re  re g u la r  is th e  s tru c tu re  o f  th e  M 0 6  o c ta h e d ra . In the 
p re se n t s tu d y , in  th e  c ry s ta ls  o f  K T P , L K T P  a n d  P K T P , the 
M - 0  s tre tc h in g  f r e q u e n c ie s  v i,  V2 a n d  a rc  shifted 
c o n s id e ra b ly  to  h ig h e r  w a v e n u m b e r  s id e , c o n fu m in g  the 
d is to r tio n  o f  T iO a o c ta h e d ra . M o re o v e r , th e  e x is te n c e  of 
c h a in s  o f  o c ta h e d ra  a llo w s  th e  c o u p lin g  o f  T i - O  v ib ra tions 
in th e se  c h a in s  le a d in g  to  a  h ig h e r  v a lu e  o f  th is  frequency 
[14 ].
4.1.2. Vibrations of PO4 tetrahedra :
F o u r o x y g e n  a to m s o f  T i0 6  o c ta h e d ra  a re  sh a re d  by  PO4 
te tra h e d ra  le a d in g  to  d if fe re n t T i - O  b o n d  le n g th s  a n d '\P O  
b o n d  le n g th s  [ 1 2 ]. A  fre e  P O 4 te t ra h e d ra  w ith  Tj sym m etry 
h as  fo u r  in te rn a l m o d e s  o f  v ib ra tio n , V| {A\) 9 3 8 , V2 ( £ )  420, 
V3 {Fi) 1017  a n d  V4 (Fi) 56 7  c m " '.  A ll th e  a b o v e  m o d es are 
R am an  a c tiv e  w h ile  V3 a n d  V4 a lo n e  a re  IR  a c tiv e  [15]
T h e  in te n s ity  o f  P O 4  m o d e s  in  K T P  c a n  b e  seen  to be 
re la tiv e ly  w e a k  w h e n  c o m p a re d  to  th o s e  o f  T i0 6  m o d e s  The 
sy m m e tric  s tre tc h in g  m o d e  V| is o b s e rv e d  a s  w eak  bands 
a ro u n d  9 9 8  cm  ' in  th e  R a m a n  s p e c tra  in  a ll polarization  
g e o m e tr ie s  e x c e p t a{ha)c o r ie n ta io n  o f  K T P  This m ode is 
fo u n d  to  b e  s lig h tly  sh if te d  to w a rd s  lo w e r w av en u m b ers  m 
P K T P  an d  L K T P  (T a b le s  3 a n d  4 ), w h ile  it is a b se n t in the 
a(ha)c a n d  a{ca)c o r ie n ta t io n s  o f  P K T P  a n d  it is sp lit into 
tw o , in b{ad)c o r ie n ta t io n  o f  P K T P  a n d  in  a{bb)c orientation 
o f  L K T P . In  th e  IR  sp e c tra , th is  b a n d  is o b se rv e d  around 
9 7 5  c m " ' w ith  a v e ry  w e a k  b ro a d  b a n d  a t 1 0 0 0  c m  In the 
a sy m m e tr ic  s tre tc h in g  m o d e  (V3)  re g io n , fo u r  bands are 
p re s e n t in th e  IR  a t 1025 , 1 0 4 8 , 110 0  a n d  1125 c m " ' [Figure 
4 (a - c ) ] .  T h e  tr ip ly  d e g e n e ra te  b e n d in g  v ib ra tio n  V4 g ives two 
b a n d s  in  th e  IR  a n d  in  m o s t o f  th e  p o la r iz a t io n  o f  th e  Raman 
sp e c tra  o f  K T P , L K T P  a n d  P K T P .
T h e  sy m m e tric  b e n d in g  m o d e  (V2) w h ic h  is  R am an  active 
is p re s e n t in  b o th  R a m a n  a n d  IR  s p e c tra  o f  th e  K T P  an d  the 
d o p e d  sy s te m s  in  th e  re g io n  3 7 0  to  4 8 0  c m " '.  In  the IR 
sp e c tra , a  h ig h ly  in te n se  b a n d  is o b ta in e d  fo r  th is  IR  inactive 
m o d e  a t 3 8 5  c m " ' a n d  a  w e a k  b a n d  a t  4 3 2  cm  ' The 
a ss ig n m e n t o f  th is  b a n d  is c o n s is te n t w ith  th o s e  o f  crystals 
w ith  K T P  re la te d  s tru c tu re  viz N b O P 0 4 , M 0 O P O 4 and 
S b O P 0 4  [1 4 ,1 6 ,2 1 ] , T h e  V2 b a n d s  a rc  fo u n d  to  b e  shifted by 
3 to  5 c m " ' in  th e  sa m e  p o la r iz a t io n  o r ie n ta t io n  in  LK TP and 
P K T P  (T a b le s  2 - 3 ) .
In  th e  K T P  s tru c tu re , tw o  d is t in c t  ty p e s  o f  PO4 tetrahedra 
a re  p re s e n t w ith  a  m e a n  P - O  d is ta n c e  (1 .5 4 2 5  A) "
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minimum (1 .5 2 3 4  A) [ 1 2 ]. T h is  is c o n firm e d  by  th e  
appearance o f  tw o  b a n d s  fo r  th e  P - O  sy m m e tric  s tre tch in g  
modes in th e  IR  s p e c tra  o f  a ll th e  th re e  cy rs ta ls . In  co m p o u n d s
Figure 4. FTIR spectra of (a) KTP. (b) LKTP, (c) PKTP in the region
400*1300 cm '’
with T i - O - T i - O  c h a in s , th e  s tre tc h in g  m o d e s  o f  P O 4  
tetrahedra a re  re la tiv e ly  w e a k  [1 8 ]. H e n c e , th is  sp lit tin g  is 
not observed  in  th e  R a m a n  sp e c tra  o f  K T P . B u t th is  b an d  
IS shifted by a few  w a v e n u m b e rs  fro m  o n e  p o la r iz a tio n  
geometry to  a n o th e r . T h e  d e g e n e ra c y  o f  th e  a sy m m etric  
stretching v ib ra tio n  V3 ( F 2) is lif te d  a n d  an  a d d itio n a l b a n d  
IS also o b se rv e d  in  th e  IR  s p e c tra  in  a ll th e  th re e  c ry s ta ls . 
But the d e g e n e ra c y  o f  th e  b e n d in g  m o d e  V4 ( F 2) is o n ly  
partially lifted . T h e se  fa c ts  a n d  th e  a p p e a ra n c e  o f  th e  
symmetric s tre tc h in g  m o d e s  vi a t h ig h e r  w a v e n u m b e r v a lu es 
than in a re g u la r  te tra h e d ra  in d ic a te  l in e a r  d is to rtio n  o f  th e  
PO4 te trah ed ra  [1 4 ].
^ J Bands below 200 cm  ^ :
Bands below  2 0 0  cm '*  a re  la ttic e  v ib ra tio n s  c o n s is tin g  o f  
rotational an d  tra n s la t io n a l m o d e s . T h e  e x a c t a s s ig n m e n t o f  
these bands is  d if f ic u lt. B a rj et al [2 5 ] h a v e  a s s ig n e d  th e  b an d  
near 185 cm  * aS d u e  to  T i t r a n s la t io n a l m o d es . T h is  a p p e a rs  
around 175 cm " ' in  a l l  th e  th re e  c ry s ta ls  in  th e  p re s e n t stu d y . 
The bands d u e  to  K - 0  b o n d s  a rc  e x p e c te d  to  a p p e a r  b e lo w  
^50 cm ' in a g re e m e n t w ith  (h e ir  s tro n g  io n ic  c h a ra c te r  an d  
^ond length. H e n c e , th e  b a n d s  in  th e  9 0 - 1 2 0  cm " ' reg io n  
assigned a s  v ib ra tio n s  o f  p o la r  ty p e  in v o lv in g  K ^ io n s 
the su rro u n d in g  e ig h t o r  n in e  O xygen  a to m s  [7]. T h e
b an d  a ro u n d  1 2 0  cm " ' is p re se n t in  a lm o s t a ll o r ie n ta tio n s  
o f  th e  R am an  sp e c tra  o f  K T P  an d  L K T P . B u t th is  b a n d  is 
p re se n t o n ly  in  th e  h(aa)c, a{cc)b an d  a{bb)c o r ie n ta tio n s  
o f  P K T P . K u g e l et al [7] h av e  o b se rv e d  a  b a n d  n e a r  
9 0  c m  ' in  th e  p h o sp h a te  flu x  g ro w n  K T P . In  th e  p re s e n t 
s tu d y , th is  b an d  is o b ta in e d  in  th e  a(cc)b o r ie n ta tio n  in  a ll 
th e  c ry s ta ls . It a lso  a p p e a rs  in  L ,KTP an d  P K T P  in  a  fe w  o th e r  
p o la r iz a tio n  o rien ta tio n s . A  v e ry  w e a k  b a n d  is o b se rv e d  a t 
140 cm " ' in th e  a{ba)c an d  a(ca)c o rie n ta tio n s  o f  th e  R am an  
sp e c tra  o f  L K P T  a lone,
5. C o n c lu s io n s
T h e  T i0 6  o c ta h e d ra  an d  P O 4  te tra h e d ra  a re  c o n s id e ra b ly  
d is to r te d  in  all th e  c ry s ta ls  an d  m o st o f  th e  a ss ig n m e n ts  
c o n firm  th e  a s s ig n m e n t g iv e n  b y  K u g e l et al. W h ile  
d isa g re e in g  w ith  th o se  g iv en  b y  V iv e k a n a d a n  an d  T u  et al. 
T h e  d o p a n ts  L a  an d  P r  d o  n o t a ffe c t s ig n ifican tly  th e  
w a v e n u m b e r v a lu es o f  th e  T iO a an d  P O 4  v ib ra tio n s . B u t 
R am an  b an d s  o f  K T P , L K T P  an d  P K T P  in  th e  sam e 
p o la r iz a t io n  g e o m e tr ie s  sh o w  in te n s ity  v a r ia tio n s  T h e  
p re se n c e  o f  L a  an d  P r a to m s a ffec t th e  p o la r iz a b ili ty  le ad in g  
to  c h an g es  in in ten sitie s . T he  d o p a n t in c o rp o ra tio n  is  n o t 
h o m o g e n o u s  as can  b e  seen  fro m  th e  c h an g es  in  th e  u n it c e ll 
p a ra m e te rs  o f  th e  d o p e d  c ry s ta ls .
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